Background
Recent studies have provided strong evidence that exposure to carcinogens, such as polycyclic aromatic hydrocarbons, heterocyclic amines and others in the diet, influences the risk of developing colorectal cancer (CRC) [1] [2] [3] . In addition to diet, cigarette smoking is another source of carcinogenic exposure relevant to the large bowel, and increased risk of CRC associated with smoking has been documented in several studies (reviewed in [4] ).
The genotoxic impact of carcinogen exposure is heavily influenced by a complex array of metabolic pathways, which includes the cytochrome P450 (CYP) enzyme system. The CYP enzymes also participate in the metabolism of a number of endogenous compounds, such as sex hormones and fatty acids, which are increasingly recognized to be relevant to CRC development [5] . Because wide inter-individual variations in activity of many of the CYP enzymes have been related to the existence of genetic pol-ymorphisms, there is an opportunity to look for inherited metabolic susceptibilities to CRC.
In the present study, we have investigated the relationship between single nucleotide polymorphisms (SNP) in CYP1A2, CYP1B1, CYP3A4, CYP3A5, CYP11A1, CYP17A1 and CYP19A1 and CRC risk in a large study of 2,575 cases and 2,707 controls. Our rationale for analysing SNPs mapping to these CYP genes is that CYP3A4 and CYP3A5 are highly expressed in colonic tissue (reviewed in [6] ) and variants of CYP1A2 and CYP1B1 have previously been associated with CRC risk [7] . Additionally, CYP11A1, CYP17A1 and CYP19A1, which encode sex hormone metabolising CYP enzymes, have been linked to risk of other types of cancer [8, 9] and hence represent credible candidates as CRC predisposition genes.
Methods

Patients and control subjects
Patients with histologically confirmed adenocarcinomas, ascertained through an ongoing initiative at the Institute of Cancer Research/Royal Marsden Hospital NHS Trust (RMHNHST) (1,474 males, 1,101 females; mean age at diagnosis 59 years; SD ± 10.1) were included in the study. Healthy individuals were recruited at centers throughout the UK as part of the National Cancer Research Network Trial (1999) (2000) (2001) (2002) , the Royal Marsden Hospital Trust/ Institute of Cancer Research Family History and DNA Registry (1999) (2000) (2001) (2002) (2003) (2004) , or the National Study of Colorectal Cancer Genetics Trial (2004), all established within the United Kingdom. Controls (836 males, 1,871 females; mean age 59 years; SD ± 10.9) were the spouses or unrelated friends of patients with malignancies. None of the controls had a personal history of malignancy at time of ascertainment. All patients and controls were British Caucasians, and there were no obvious differences in the demography of the two groups in terms of place of residence within the UK. Blood samples were obtained with informed consent and ethical review board approval in accordance with the tenets of the Declaration of Helsinki. DNA was extracted from samples using conventional methodologies and quantified using PicoGreen (Invitrogen).
SNP genotyping
Genotyping of samples was performed using customized Illumina (San Diego, CA) Sentrix Bead Arrays according to the manufacturer's protocols. Annotated flanking sequence information for each SNP was derived from the University of California Santa Cruz (UCSC) Human Genome Browser (Assembly hg17). SNP selection was in part restricted to those that are amenable to genotyping using the array-based platform used. DNA samples with GenCall scores < 0.25 at any locus were considered "no calls." It has been proposed that alleles linked to complex disease are likely to reflect modest changes in gene activity, therefore non-coding SNPs are as likely as coding SNPs to be associated with complex disease risk [10] . Hence our analysis was largely based on the genotyping non-coding polymorphisms in introns and within 2 kb of the mRNA of CYP1A2, CYP1B1, CYP3A4, CYP3A5, CYP11A1, CYP17A1 and CYP19A1. We did however make use of genotypes generated from a genome-wide association study of coding SNPs we have recently performed (two SNPs in CYP1B1 and one in CYP3A4 and CYP3A5A) to assist in haplotype construction. Table 1 provides details of all 20 SNPs analysed in this current report.
Statistical methods
The relationships between homozygote and heterozygote carrier status and risk of CRC and between number of putative risk alleles carried and risk of CRC were assessed by means of odds ratios (ORs) with 95% confidence intervals (CIs), calculated using logistic regression (adjusting for age and sex). Where it was not possible to calculate ORs and their CIs by asymptotic methods, an exact approach was implemented. A likelihood ratio test was performed to evaluate the impact of each SNP on casecontrol status. To test for population stratification, the distribution of genotypes in controls was tested for departures from Hardy-Weinberg equilibrium (HWE). To investigate epistatic interactions, each pair of SNPs was evaluated by fitting a saturated logistic regression model and the log likelihood ratio statistic for comparison with the main effects model computed. To assess the level of linkage disequilibrium (LD) between SNPs, we calculated the pair-wise LD measure D' between consecutive pairs of markers in the genes CYP1B1, CYP3A4, and CYP3A5 using the expectation-maximization algorithm to estimate twolocus haplotype frequencies. The program PHASE [11, 12] which implements a Markov chain Monte Carlo method was used to generate haplotypes. Haplotype frequencies in cases and controls were compared by the chi-squared statistic. We report p-values both before and after adjustment for multiple testing, which was carried out by means of the Bonferroni correction. All computations were undertaken using the statistical software packages Stata (Stata Corp, TX, USA) or LogXact (Cytel Inc., Cambridge, MA, USA).
Results
Genotypes were obtained for 2,561 of the 2,575 cases (99.5%) and 2,695 of the 2,707 controls (99.6%). SNP call rates per sample for each of the 5,256 DNA samples were > 99.8% in cases and > 99.5% in controls. CYP genotypes and allele frequencies in CRC cases and controls are detailed in Table 2 . Genotypic frequencies of SNPs in controls were similar to those previously documented in Caucasians and none were found to violate HWE in controls. Table 2 also details the risk associated with each gen-otype as quantified by the raw OR and the OR adjusted for age and gender, and their associated 95% CIs. Two SNPs showed some evidence of an association with CRC risk: rs162558, which maps 5' to CYP1B1, and rs2069522, which maps 5' to CYP1A2. Homozygotes for rs162558 in CYP1B1 and heterozygotes for rs2069522 in CYP1A2 were associated with a mildly increased risk of CRC (OR = 1.36, 95% CI: 1.03-1.80 and OR = 1.34, 95% CI: 1.00-1.79 respectively), although neither of these findings were significant after correction for multiple testing (adjusted p = 1.0). In the case of rs162558 in CYP1B1, heterozygotes showed no evidence of increased risk. The logistic regression model based on alleles did not yield any further significant associations.
Data on site of tumour and Duke's stage of tumour were available for 2,544 and 587 cases respectively. Of the patients for whom site of tumour was known,1,585 had colon cancer and 959 had rectal tumours. Of the patients for whom data regarding Duke's stage were available, 52 were stage A, 227 were stage B, 305 were stage C and 3 were stage D. Stratification of the analysis by each of these categories did not significantly affect findings.
Estimation of haplotypes in the genes with multiple SNPs resulted in 5, 4 and 3 common haplotypes (i.e. > 1%) for CYP1B1, CYP3A4 and CYP3A5 respectively. There was strong LD between the five common SNPs in CYP1B1 (D' > 0.97 for each pair of SNPs), the four common SNPs in CYP3A4 (D' > 0.95 for each pair of SNPs) and the three SNPs in CYP3A5 (D' > 0.84 for each pair of SNPs). When haplotype frequencies were compared in patients and controls no increased evidence of a relationship with CRC was apparent ( Table 3 ). The joint effects of the polymorphisms on the risk of CRC were evaluated. Twelve pairs of the SNPs displayed nominal evidence of interaction at the 5% level, but none were significant after applying a Bonferroni correction for the 105 likelihood ratio tests undertaken.
Discussion
Two of the variants we evaluated, CYP1A2 rs2069522 and CYP1B1 rs162558, showed mild evidence of an impact on CRC risk. For CYP1B1 rs162558, homozygosity was associated with increased CRC risk, and for CYP1A2 rs2069522 heterozygosity was associated with risk, although these associations were not significant after correction for multiple testing. The Bonferroni correction is based on the assumption that tests are independent. This is a conservative adjustment for these data due to the high levels of LD in CYP1B1, CYP3A4 and CYP3A5. However, the smallest observed unadjusted p-value of 0.05 would not be significant after correction for multiple testing even if a less conservative adjustment (such as adjusting for thẽ 7 independent tests once LD is taken into account) were used. Conflicting results from other studies have found these genes to be either associated or not associated with CRC risk [7, 13] . Discrepancies between these previous studies may be due to small sample sizes, confounding interactions with environmental or genetic risk factors, and the choice of SNPs to be genotyped. We have tested 2575 cases and 2707 controls, over 5-fold more than any previous study of CRC involving these genes, and hence had far more power to detect moderate increases in risk.
We acknowledge that the choice of particular SNPs and/or interactions with other risk factors could moderate the observed results in any association study. Previous studies have implicated polymorphisms in the cytochrome P450 genes CYP1A1, CYP2A6, CYP2C9, and CYP2C19 in risk of CRC (reviewed in [14] ). However the small sample sizes of many early association studies may have led to misleading results. While the precise nature of the role of the CYP genes in CRC risk is not yet clear, our findings expand the body of knowledge about these genes, and we hope they will contribute to the development of further research in this area.
As the genotypic frequencies of SNPs in our controls were similar to those previously documented in Caucasians and none were found to violate Hardy-Weinberg equilibrium there is no evidence that cryptic relatedness or population stratification impacted on study findings. Although we do not have participant rate data it seems unlikely that any selection from this would bias study findings (i.e. specific genotype more likely to have been ascertained).
SNP rs2069522 is located -2847 bp relative to CYP1A2, within a putative region of bi-directional suppressive transcriptional control (position -1329 to -4412) for both CYP1A1 and CYP1A2 genes [15] , hence it is possible that this sequence change may influence transcription of CYP1A1 and CYP1A2 proteins. Previously, SNPs in both CYP1A1 and CYP1A2 have been associated with colorectal adenomas and carcinomas [7, 16] , therefore the observation of some relationship between CYP1A2 rs2069522 and risk in our study is not without precedent. Moreover, CYP1A2 is critical for the metabolic activation of dietary heterocyclic aromatic amines (HCA) which are mutagenic and have been implicated in the development of CRC [17] [18] [19] [20] [21] [22] [23] .
SNP rs162558 is located -1548 bp relative to CYP1B1. CYP1B1 activates several human procarcinogens by an aryl hydrocarbon receptor-aryl hydrocarbon receptor nuclear translocator pathway [24, 25] . CYP1B1 is overexpressed in colorectal adenocarcinomas relative to normal colon tissue [26] , and a variant with increased activity towards several substrates including sex hormones has been associated with increased risk of CRC [7] . Our data CYP19A1 rs10046 has previously been reported to influence levels of estradiol [8] and possibility impact on breast cancer risk. While estrogens undoubtedly affect CRC risk, in our study we found no evidence that variation in CYP19A1 defined by rs10046 had an impact on CRC risk.
Our study is large compared to contemporaneous studies, and although for the majority of SNPs assayed our analysis has 80% power to detect a relative risk of 1.5, inevitably we cannot entirely exclude a small effect in risk of CRC associated with the variants analysed. Moreover, as there is increasing evidence of a gene-environment effect with respect to CRC risk some of the polymorphisms may mediate CRC risk in the context of specific dietary risk factors. The primary aim of our study design was to acquire enough samples to achieve statistically significant results for the identification of common, low penetrance alleles in CRC. The addition of gene-environment interaction to our aims would require a vastly larger number of samples in order achieve significance. We hope that as technological advances enable studies of this nature to include larger numbers of patient samples, reliable information regarding carcinogen exposure and diet will be informative, but the collection and analysis of environmental factors was unfortunately not possible on the scale of our study.
Conclusion
This study provides some support for polymorphic variation in CYP1A2 and CYP1B1 playing a role in CRC susceptibility.
